The generation of area functions from measurements of the sagittal section is an important step in the study of the relation between vocal tract geometry and speech acoustics. We present a new model to perform this transformation, inspired by the cAp model of Heinz & Stevens (1965) . Our model is based on analysis of a vocal tract cast for large sagittal dimensions and for small sagittal dimensions on CT scans of the vocal tract constriction zones for the three cardinal vowels [i, a, ul of French. We extracted two sets of coefficients, appropriate for large and small sagittal dimensions respectively. We then compared the predictions of the model with those of other models from the literature. Finally, the usefulness of this dual coefficient procedure for the acoustic simulation of vowels was tested using sagittal sections generated by an acoustic model of the vocal tract.
In speech production studies, the midsagittal section is one of the most convenient representations of articulatory data. This basic display has allowed many laboratories to refine their knowledge of articulatory phenomena in speech, and has been at the root of many articulatory models (see, in particular, Maeda, 1979; 1988) . These models generate a midsagittal view from parameters associated with the lips, the tongue, the jaw, and the larynx (on this point see also Harshman, Ladefoged, & Goldstein, 1977; Lindblom & Sundberg, 1971) . However, in order to study the relations between the geometry of the vocal tract and its acoustics, the midsagittal view must be transformed into an area function, which is the necessary input to an acoustic analog of the vocal tract. This area function represents thus a principled link in the transition from articulatory configurations to the acoustic output, and requires sufficient precision for its estimation.
Unfortunately, such data cannot be obtained by direct measurements. Numerous studies on the midsagittai view of the vocal tract (see Dart, 1987, and Simon, 1967 , for a historical review) prompted the development of X-ray techniques; however, there remains a relative scarcity of area function data. This explains the need for a model that converts the midsagittal dimensions of the vocal tract into area functions.
This article presents and evaluates a model we have developed to accomplish this In an early study, Fant (1960) presented his well-known data on area functions for Russian vowels. This research constituted the basic material for several useful studies on vocalic systems, but none of these ever led to the elaboration of a geometric model of the frontal section of the vocal tract.
The main starting point was a work by Heinz & Stevens (1965) who, from an analysis of vocal tract casts, proposed a model that inspired most of the subsequent works in this area. They hypothesized that the surface of the tongue was flat, and calculated the cross-sectional area A as a function of d,, the midsagittal distance, through the " model":
where a and ,3 have different values depending on the region of the vocal tract (lips, tongue, pharynx, or larynx). The apparent simplicity of this equation, however, masks a delicate question which has not, so far, received any satisfactory response: What values should be attributed to coefficients and A? Sundberg (1969) also looked at this problem with the aim of synthesizing nine Swedish vowels from X-ray tracings. To simplify, he distinguished two regions: the buccal zone and the pharynx. In the buccal zone, with the help of measurements on casts carried out on 3 male subjects, he determined that a varied from 2.07 to 2.63, and 3 from 1.33 to 1.47 depending on the subject, regardless of the frontal section considered in this zone. In the pharynx, he chose an elliptic model' whose major axis (and therefore coefficient a) varies in a non-monotonic way with the midsagittal distance. Actually, from analysis of tomographies of the larynx published by Fant (1964) , Sundberg traced the variation of the major axis of the ellipse as a function of the midsagittal distance d,, and obtained a bell-shaped curve increasing for small values of d, and decreasing for large values of d, attaining its maximum value at d = 1.9 cm. These results are contrary to propositions made by Heinz & Stevens (1965) , who had attributed four precise values to this major axis, independent of the midsagittal distance, in order to specify the entire pharynx. Nonetheless, acoustic characteristics of sounds synthesized from area functions thus generated are close to those of original sounds. Such results therefore validate the ap model but also bring up an important phenomenon: the possible modification of the shape of the pharyngeal walls according to the variation of the midsagittal distance. Maeda (1972) , however, categorically rejected the model proposed by Heinz and Stevens concerning the hard palate region, positing instead, in view of the data published by Chiba and Kajiyama (1941) and Fant (1960) , that the surface of the tongue could not possibly be flat. Although he continued to model the pharyngeal region in an elliptic form (Figure 1 ), he ' In such a model, the midsagittal distance d, represents the minor axis of an ellipse whose major axis corresponds the cross-dimension d 2 . The crosssectional area A is therefore derived from the midsagittal distance as
which corresponds to the choice 1 = 1, and directly associates a to the cross-dimension, 2 also took into account the generally concave surface of the tongue, modelling it, like the hard palate, by a parabola (Figure 1 ). In these conditions, the cross-sectional area An, whose midsagittal dimension is dn, is thus given in the pharynx by
where sn represents the major axis, as shown in Figure 1 , and in the hard palate zone by
where an and bn are constants describing the palatal shape, k represents the curvature of the tongue contour (typically k=0.5), and s, is the distance between the top of the hard palate and the intersection of the tongue edges and the hard palate, as shown in Figure 1 . From X-ray tracings giving dn, Maeda determined the dimension sn by successive approximations, such that formants obtained from area functions thus generated were as close as possible to real formants detected in natural speech. His results are particularly noteworthy, since they show that this cross-dimension (and therefore the crosssectional area) is not only a function of the midsagittal distance, but also of the lingual gesture characterizing the identity of the vowel pronounced: "Midsagittal dimensions for vowels /u/ and /,T/ are about equal, but the values of the corresponding cross-dimensions differ largely from each other. Therefore, the cross-dimensions are not specified only by the midsagittal dimensions at any given point but are also influenced by the identity of the vowel being spoken" (p. 22). He also proposed a linear relation between sn, di,, and two parameters specifying the phonetic nature of the vowel (high/low and front/back). Thus further refining the vocal tract model, he confirmed observations made by Sundberg (1969) . Kiritani's group, at the RILP of Tokyo (Kiritani, Tatenaka, & Sawashima, 1978) , was the first to use X-ray scans to determine the form of the frontal sections of the vocal tract. However, their work was limited to a demonstration of its feasibility, and, to our knowledge, Johansson, Sundberg, Wilbrand, and Ytterbergh (1983) are the pioneers of this technique as a means of elaborating a model for the transition from a midsagittal view to area functions. They analyzed the geometry of the pharynx in four horizontal planes, equally spaced between the larynx and the lower part of the oropharynx, for 1 male and 1 female subject. For the male subject, they also confirmed Sundberg's observations: "It seems that the lateral width in this subject approaches zero for zero sagittal distance and that it decreases for great sagittal distances" (p. 43). However, although they accept that a curvilinear approximation would be more pertinent, they proposed a linear relation between the square of the midsagittal distance d 1 and the cross-sectional area:
where c, varies not only with the section, but also with the sex of the subject. Subsequently, Johansson and Sundberg (Sundberg, Johansson, Wilbrand, & Ytterbergh, 1987) used measurements made by Sundberg on 6 subjects (3 male and 3 female) to confirm once more the validity of the aL model in the hard palate zone, showing, for the male subjects, a varying from 2.07 to 2.63 and P from 1.47 to 1.33, and, for the female subjects, a varying from 1.60 to 2.40, and p from 1.48 to 1.34.
Again, it was the RILP group that first made attempts to use magnetic resonance imagery (MRI) to investigate the vocal tract (Rokkaku, Hashimoto, Imaizumi, Niimi, & Kiritani, 1986) . They thus demonstrated the possibility of determining the frontal section of the vocal tract by an appropriate processing of MRI images in different sagittal planes with a resolution of the order of 1.2 mm x 1.2 mm, for an exposure time of 25 s. Due to its low-risk characteristics, this technique gives particularly interesting results. It was with analogous material, but with a 21/2-min exposure, that Baer, Gore, Gracco, and Nye (1988) obtained morphological data from which they published the first three-dimensional representations of the vocal tract for American vowels. Based on analyses of results for 2 subjects, they were able to infer a relationship between the cross-sectional area and the midsagittal distance, having started with the assumption that the same relationship remained valid throughout the vocal tract, irrespective of the value of the midsagittal distance. They express this relationship as
where c, equals 0.32 for the first subject and 0.44 for the second, and c2 equals 0.72 for the first subject and 0.61 for the second.
Method
To probe further into this delicate problem, we adopted the following method (Perrier & Boe, 1989 ):
1. We supposed that cross-sectional area A and midsagittal distance d, are linked by the relation A = C d ,' 5. 2. For all vowels of French, we used midsagittal sections as generated by Maeda's articulatory model (1979) and area functions validated by different studies on the articulatory and acoustic levels (Feng, 1986; Mrayati, 1976) to determine the values of the coefficients C, allowing a good approximation of the transition from the first set of data to the second set.
For the great majority of sections, a strong dispersion of C values associated with different vowels was observed. But it was also noted that this dispersion diminished considerably if, for each section, the data were separated into two distinct groups depending on whether the midsagittal distance was large (greater than 8 mm) or small (less than 8 mm). This led us to posit that a more exact model could be obtained using two sets of coefficients, one for large and one for small midsagittal distances.
In view of these results, it would be illusory to attempt to model the transition from a midsagittal section to area function by a single relation, disregarding the midsagittal dimension and the frontal section under consideration. This explains our reserve concerning the model proposed by Baer et al., which we suspect is oversimplified (although the three-dimensional measurements it furnishes could be very useful). Consequently, we tend to ascribe to Maeda's comments as already cited. However, although it is clearly important that it is much better to take into account the phonetic category of the vowel pronounced, Maeda's technique for determining phonetic category is quite difficult to implement. How then can the parameters describing the phonetic nature of the vowel be determined simply and automatically? Our proposition of distinguishing between large and small midsagittal dimensions is another way of taking into account the type of vowel pronounced. In fact, as was emphasized by Fant (1960) , Wood (1979) , and Boe, Perrier, and Bailly (in press), the key zones for vowel categorization by area functions are those of small sagittal dimension (i.e., the constriction and the lips). Furthermore, according to the theory of plane wave propagation (Chiba & Kajiyama, 1941; Fant, 1960) , these same two zones are the most important for defining the acoustic characteristics of the vowel. Thus, by refining the model for vocal tract areas of small sagittal dimension (i.e., constriction zones), we ensure a good acoustic result and, implicitly, a good phonetic categorization for the vowel. This method is inherently less precise than that proposed by Maeda, but the errors will appear essentially where their acoustic consequences are smallest, outside constriction zones. Moreover, this method accounts for the variation of the cross-dimension in relation to the midsagittal distance observed as noted above by Fant, Sundberg, and Johansson et al. , and this method leads also to a model that is relatively simple to implement.
To meet the above requirements, measurements were carried out on two types of material: CT scans in constriction zones (small midsagittal dimensions), and a vocal tract cast of a cadaver (large midsagittal dimensions).
Procedure for Obtaining CT Scans
Determination of constriction zones by teleradiography. Because X-ray exposure time had to be limited, this research was restricted to measurements of the three cardinal vowels [i] , [a] , [u] . We thus obtained data for three different zones of the vocal tract: the hard palate (with [i]), the soft palate (with [u] ), and the pharynx (with [a] ). In light of Stevens' quantal theory of speech production (Stevens, 1972) , and of research by Wood (1979) , these are the most crucial zones in the articulatory-acoustic description of vowels. Consequently, though limited to the cardinal vowels, our morphological investigations nonetheless cover all the relevant measurements. It should be remarked, moreover, that the subject chosen was a phonetician, trained in the controlled repetition of articulatory gestures. The X-ray technique used was teleradiography. The important difference between teleradiography and standard X-ray techniques is that the emitter is 4 m from the subject in front of the film. At this distance, the image deformation by paralax is much smaller than for standard radiography techniques. During the teleradiography session, three vocal tract profiles were taken: and [u] . These three profiles were used to determine the exact constriction zones of our subject and to plan the exact placement of the CT scans to follow.
CT scan acquisition conditions. For these measurements, a major concern was to obtain vocal tract views in a plane perpendicular to the direction of air flow from the glottis to the lips, although Sundberg et al. (1987) minimized the importance of deviations from the perpendicular in the area of the hard palate. Unfortunately, the CGR 1200 scanner in use at the Grenoble CHU (Centre Hospitalier Universitaire) was quite an old model, and permitted views only in planes not greater than 200 off vertical. The subject was installed horizontally in the scanner and the angle of the view plane was obtained by rotation of the X-ray emitter, as commanded by software installed on a VAX 780. In order to obtain views in the constriction zones for [i] and for [u] , the subject had to perform some very uncomfortable contortions, which we will discuss below. In the interest of limiting exposure time to X-rays, the thickness of the CT scans were restricted to 1 mm for every 5 mm along the vocal tract, which was judged as adequate precision to define the vocal tract shape for acoustic modelling purposes (Wu, Badin, Cheng, & Guerin, 1987) . Estimating the average length of the constriction zones at 5 cm, an average of 10 CT scans should be needed for each of the three vowels. For a single CT scan, exposure time was 3.4 s, but because of associated computer processing, time between exposures was on the order of 30 s, so the subject could not maintain the vowel throughout the measurement session. Therefore, the subject was cued a few seconds before each scan to produce the appropriate vowel. The subject's phonetic expertise was warranted sufficient to maintain a consistent posture across replications of the same vowel. For the second session, the speaker was maneuvered into the appropriate position, and for each vowel, low-dose X-rays were made of the entire vocal tract. These profiles were used as a reference image in the program controlling the position of the CT scanner. The CT planes determined from the first session's teleradiography were implemented according to these reference images. This operation requires that the subject maintain the same position from low-dose X-rays through the CT scans. The last views for [u] were not retained, as the subject had moved slightly, because of an uncomfortable position, as is discussed below. However, when the change from one view to the next is coherent, the minimal errors induced by a slight change in the subject's position can be legitimately ignored.
CT scans of the three cardinal vowels. For [a] , the speaker was simply lying on his back (the dorsalis cubitus position). Measurements concerned the pharyngeal zone exclusively; 15 vertical views situated between the second and the fourth cervical vertebrae were taken. For [i], the speaker remained in the dorsalis cubitus position, but since the zone concerned was the alveopalatal zone, it was necessary to have the head sharply inclined backward so as to render this part of the vocal tract as horizontal as possible. To do this, cushions were inserted under the subject's shoulders and neck. Because of scanner limitations and subject discomfort, only six views could be obtained. However, these views were sufficient, as the maximal constriction zone was situated in the region analyzed. For [u] , the palato-velar zone was under investigation. The speaker remained in the dorsalis cubitus position and inclined his head backward, although to a lesser extent than for [i] . However, in the region studied, the curvature of the vocal tract is very pronounced and angular limits imposed by the scanner allowed only six views. Moreover, the speaker moved between the first three and the last three views (due to fatigue and discomfort), so only the first three views were retained. Still, these three views were well within the constriction zone intended. Figure 2 shows the low-dose X-rays and the intended CT planes for the three vowels. Figure 3 shows a sample view, a scan in the pharyngeal zone of [a] ; the placement of the scan is indicated by an arrow in Figure 2 . Recall that Figure  2 shows only the intended scan positions, because they presuppose that the subject was immobile between successive views. For [i] and [a] , this supposition appears to have been correct. For [a], we nonetheless retained only the 13 views closest to the larynx, since the last two were situated on the high curvature zone of the vocal tract, and a view in a plane perpendicular to the aerial flow was no longer possible. For [u] , the subject moved conspicuously after the three most Acquisition of contours was done manually from photographic enlargements of scanner negatives (around a factor of 1.5). A professional laboratory was responsible for enlargements, with instructions to make sufficient contrast on constriction zones in order to allow a good estimation of the edge between tissue and air. A computer-assisted procedure, based on the use of a graphic acquisition table, was elaborated to measure the geometrical variables in the frontal plane. First, the distance between two reference points on the photograph was acquired so as to take into account the scale factor due to reproduction. Second, the midsagittal distance d, and the cross-dimension d 2 were calculated with the help of this scale factor. Third, the contour that determines the limit between the airflow canal and the vocal tract walls was acquired manually and the area within this contour was estimated analytically. For each tracing, 10 measurements were made by the same operator and the mean value, standard deviation, and variation coefficient were calculated: the variation coefficient was less than 2% for the cross-dimension and 5% for the areas. The mean value was ultimately used for subsequent processing. The midsagittal distance d, the cross-dimension d 2 , and the crosssectional area A were thus obtained for each CT scan and are presented in Table 1 . 
Measurements on CT Scans

The Vocal Tract Cast
The data exploited here are extracted from a study of a vocal tract cast of a cadaver (Sanchez & Bo, 1984) . The head of the subject, a man of about 60 years, with a half-open mouth position, was cut off at the cricoid level. Alginate was injected through the mouth and the trachea, and after hardening, the cast was extracted by dissection of the flabby parts in the regions of the cheeks and of the neck, then by fracturing the two horizontal branches of the mandibule at the height of the second premolar, and finally by lowering the region of the symphysis and of the tongue comprising the thyroid cartilage and the anterior part of the trachea. The cast was then cut up transversally according to the grid proposed by Heinz and Stevens (1965) into 10 equally spaced sections. The contours of the frontal sections thus determined are given in Figure 7 . These views were analyzed following the same procedure as that for the CT scans, as already described. The dimensions d and d 2 found are Dresented in Table 2 . 
Results and Discussion
Modelling the Transition From a Midsagittal View to the Area Function with a being always negative and accounting for the curvature of the fixed walls, d representing the midsagittal distance, and a 2 being positive in the case of a concave (grooved) surface of the tongue, negative for a convex tongue, or null for a flat tongue. The curves y, and Y2 cross at points that have for abscissa x and -respectively. It will also be assumed that the tongue cannot be more convex than the fixed walls, which is equivalent to saying that a < a 2 .
In these conditions, the cross-sectional area Aca,,c thus modelled is given by the area comprised within the two curves y,(x) and y 2 (x), represented on Figure 8 . That is,
such that
But xo satisfies the equation (2) A biparabolic modelling of contours. Observation of contours for all the sections, whether measured on CT scans or on the cast, suggests a modelling of a biparabolic type, with one parabola for the shape of the pharyngeal or palatal walls and another for the surface of the tongue. As shown on Figure 8 , the equations of the parabolas can therefore be defined as follows:
that is, Consequently, by associating Equations 2 and 5, and by stating that d2 = 2 -xo = the cross-dimension, we find
and by associating Equations 2 and 4, we find
This last equation perfectly rejoins Heinz and Stevens' o(a hypothesis model (1965), with p = 1.5, and a dependant on the curvatures of the fixed walls (described by a,) and of the surface of the tongue (described by a 2 ). The advantage of this model lies, therefore, in this clear explanation of the relation between a and P on the one hand and the morphology (described by a, and a 2 ) of the tongue and vocal tract on the other. We will discuss below how it can also provide an objective criterion for regrouping frontal sections.
The application of this model to our data by means of Equation 6 furnishes a cross-sectional area Alc that predicts the real cross-sectional area Ame,,, from measured values of the midsagittal distance d, and the cross-dimension d 2 . Results thus obtained are presented in Table 3 . We notice that 1. With the whole set (31) of frontal sections, the mean relative error is on the order of 13%, with five sections above 20% and 14 less than or equal to 10%. 2. The model is more precise for small cross-sectional areas measured by scanner (mean error: 10%, one section above 20%) than for large areas of the cast (mean error: 17% and four sections above 20%).
Lips
Glottis
3. Large deviations (>20%) appear essentially in the most elevated region of the pharynx, at the limit of the oropharynx.
Note that in a study on acoustic macrosensitivities of area functions for extreme French cardinal vowels (Hassan & Perrier, 1988) , it was demonstrated that area functions had to vary on the average more than 20% to cause perceptually important consequences, as measured against the formant frequency difference limens established by Mermelstein (1978) . It is therefore legitimate to assume for speech simulation purposes, taking into account points 1 and 2 given above, that the model proposed is adequate for the conversion from midsagittal plane to area function.
What coefficients? Values for the coefficients C were calculated for each section using the model Ameas = C d 15 and the values of Am,as and d, as measured by the method described above. Results obtained for the CT scans and the cast are presented in Figure 9 . The large dispersion that can be observed does not seem at first glance to obey any law at all. However, if we recollect that the values for these coefficients depend profoundly on the morphology of the vocal tract and on the shape of the tongue, these results become more interpretable. In fact, it is possible to divide the sections into groups, each group being characteristic of a given zone of the vocal tract in which the shape is hardly variable: middle floor of larynx, laryngeal vestibule (below the epiglottis), lower part of the pharynx, oropharynx (zone of maximal curvature of the vocal tract), velar zone, hard palate, and alveopalatal zones. It thus becomes coherent to adopt a mean coefficient for each of these zones: one for small midsagittal dimensions and one for large ones. This is portrayed in Tables 4 and 5 . A comparison of these two tables clearly reveals the large differences that exist between coefficients, depending on whether they are adapted to small or large sagittal dimensions, thus confirming previous findings (Perrier & Boe, 1989) .
We can thus propose two models, one adapted to constriction zones and derived from the CT scan analysis, and the other adapted to the rest of the vocal tract and derived from the analysis of the cast. However, the choice of which model to apply cannot be based on the criterion of the sagittal dimension alone. This can be shown by comparing section 1 of the vowel [i] from the CT scans with section 8 from the cast. Both are in the hard palate region, and Tables 1 and 2 show that their sagittal distances are comparable (1.3 cm vs. 1.59 cm). Based simply on the sagittal distance, one would expect the coefficients C to be of the same order, but our results show that they are actually quite different, which bears witness to the significant shape differences between the two sections as seen in Figures 4 and 7 . How can such differences be explained? One hypothesis would be that they are due to morphological differences between the subjects. We reject this hypothesis, based on observations in the laryngeal region, specifically the middle floor of the larynx and the laryngeal vestibule. This region is not modified by constriction gestures in French, and is thus a good region within which to check for morphological differences. For our 2 subjects, the speaker for the CT scans and the cadaver for the mold, the coefficients representing the laryngeal area of the vocal tract are strikingly similar. We therefore assume that morphological differences between the 2 subjects are limited, and are not responsible for the cases of high variability in the coefficient Cwhen the sagittal distance is similar. Another hypothesis is that the gestures producing the vocal tract constriction use tongue shapes that have effects beyond the constriction zone itself, affecting at least the zones neighboring the constriction. This hypothesis is consistent with our analysis technique, because the CT scans concern the constriction zones of the vowels. For this reason, we have adopted dual criteria for deciding which model to use, founded both on the sagittal dimension of the section under consideration and on the position of the section vis-a-vis the constriction.
Recall that the midsagittal dimensions measured by scanner are in vocal tract constriction zones and are all less than 1 cm; those that were obtained from the cast are outside constriction zones and range from 1.24 to 2.3 cm. It was decided therefore to assign all midsagittal dimensions of less than 1 cm, without exception, to a class of "small midsagittal dimensions," and to associate them with coefficients given in Table 4 . Midsagittal dimensions greater than 2 cm are generally assigned to a class of "large midsagittal dimensions," and are associated with coefficients given in Table 5 . Intermediate midsagittal dimensions are generally associated with coefficients deduced by linear interpolation from the two categories described above, in order to ensure the continuity of area function evolution with the midsagittal dimension. This system enacts the first decision criterion for choosing which model to use, that of midsagittal dimension. To enact the second criterion, that of constriction location, we take any section with what would normally be considered a large or intermediate midsagittal dimension, but which is also immediately adjacent to a small dimension section, and we apply the coefficients for small dimensions. This accounts for the effect of tongue shape beyond the constriction for which it is crucial. Overall, we arrive at the model:
if (dkl, -1 cm or dl(k-1), < 1 cm or dl(k+l), < 1 cm) then (Table 4) ; C,, is the coefficient of zone i for large midsagittal dimensions in cm (Table 5) ; and dk, is the midsagittal dimension of frontal section k contained in zone i (in cm), and Ak, its cross-sectional area (in cm 2 ).
Models, data and generalizablity. Tables 6 and 7 compare the areas measured with those predicted by our model from midsagittal dimensions; standard deviations are given in percentages in relation to the cross-sectional areas measured. We realize that our model is particularly adapted to small midsagittal dimensions, giving an average relative error of the order of 6%, with two peaks at 17% and 19%. It is on the contrary quite imprecise for large midsagittal dimensions, giving an average relative error of the order of 17%, and two standard deviations greater than 30%. This could well be due to the choice of the 2-cm threshold for large distances, or to the linear variation of coefficients between small and large distances. These two points are actually a relatively arbitrary choice, which cannot be further refined, however, on the sole basis of our data. Table 8 compares our results in the pharyngeal zone with those obtained by applying three models from the literature cited earlier (Baer et al., 1988; Heinz & Stevens, 1965; Johansson et al., 1983) , to our data. It appears that, given the midsagittal distance, these three models do not make good Predictions of the cross-sectional areas we measured in the pharyngeal zone, the only exception being the small dimension predictions in the lower part of the pharynx given by the Baer et al. model. On the other hand, Table 9 shows that the models by Baer et al. (1988) and by Sundberg et al. (1987) both give correct results for small midsagittal dimensions in the hard palate zone. Still, they remain unadaptable to the prediction of large cross-sectional areas. While it is true that our model needs more refinement in order to predict cross-sectional areas for large midsagittal dimensions, our proposal nonetheless conforms well to our CT scan data; in all cases our predictions remain quite acceptable.
We now take a close look at basic data published by Johansson et al. (1983) . Recall that this study involved pharyngeal CT scans of 2 speakers, 1 male and 1 female, pronouncing the vowels [u, i, o, c] . For each speaker, four equidistant cross-sections were made at 1.9, 3.8, 5.7, and 7.6 cm from the glottis for the male (for consistency with our own data, we use only the data for the male). In order to apply our model, we first had to determine the correspondence between their cross-sections and our seven vocal tract zones. To do this, we referred back to our Figure 2 , which shows the position of our CT scans on the midsagittal section, and we determined the approximate position of the glottis, using the position of the thyroid cartilage. With this reference we were able to associate the four cross-sections from Johansson et al. to our zones, one to the laryngeal vestibule, two to the lower pharynx, and one to the oropharynx. With these correspondences, we have taken their measured sagittal distances, applied our model, and compared our predicted areas with their measured areas. Table 10 presents the values of the areas as measured, the areas as predicted, and the relative errors. Our model clearly gives poor predictions of the areas here, regardless of the sagittal dimension (average relative error = 47%). Thus, the results obtained by switching models and data challenge the ability of our model to predict the vocal tract geometry of subjects other than ours, as well as the ability of other models to predict the geometry of our (and other) subjects. This raises the crucial question of whether it is possible to define a general model, valid for any speaker, irrespective of individual anatomic differences. One is tempted to respond negatively to this question, especially given the large shape differences between our CT scans and those of Johansson et Showing acoustic advantages of a dual coefficients set model by articulatory simulation. The apparent nongeneralizability of models from one speaker to another does not diminish in the least the usefulness of these models in the study of speech production. They remain a necessary step in the generation of speech acoustics and in the study of speech production strategies, even if the model is associated with a particular speaker. Our intention is to show the advantage in deriving area functions by our method, using separate sets of coefficients for large and small sagittal dimensions, instead of using a single set of coefficients. To show this advantage, we generated acoustic data by two methods that were identical except for the use of different techniques for deriving area functions: a single coefficient model for one, and our dual coefficient model for the other. We used midsagittal sections generated by an articulatory model of the vocal tract (Maeda, 1979) . We chose this model both because it is derived from statistical analysis guided by phonetic knowledge and because it thereby allows a good representation of the relations between position of the articulators and the midsagittal section. We were thus able to determine a coherent set of typical sagittal sections, based both on the characteristics of the different places of articulation in the vocal tract and on the values of the command parameters (Majid, Abry, Boe, & Perrier, 1987) .
The model generates a midsagittal view composed of 25 sections, 2 for the lips and 23 distributed on a measurement grid. These sections are linear in the pharynx, then semipolar in the buccal region. These 23 sections were grouped into our seven vocal tract zones as shown in Figure 10 , in order to obtain the area function. The formant characteristics associated / (6) (5) (4) (7) (1) Middl (2) Laryn with this area function were calculated with a harmonic simulation using an electrical analog of the vocal tract. This analog includes losses and boundary conditions as proposed by Badin and Fant (1984) , so that viscosity and heat conduction losses, wall impedances, and radiation load are taken into account. We used the articulatory model to generate sagittal sections of the vowels [i, y, e, a, o, u] sections we applied two models for generating area functions: our model with a dual set of coefficients, and the model of Sanchez and Boe (1984) with a single set of coefficients, regardless of sagittal dimension. We calculated the F1-F2 formant characteristics for the six vowels using both the models; Figure 11 shows the results for the Sanchez and Boe single coefficient model, and Figure 12 shows the results for our [al [a) ['I model. It is clear from observation of the two figures that both models adequately render the representation of the vocalic triangle and that the relative positions of the vowels within the triangle are correct. However, by closer observation it can also be seen that our model with a dual set of coefficients gives greater separation of the high front vowels [i, e, y], which is an advantage over the model with a single set of coefficients. We therefore conclude that our modeling procedure is worthwhile and effective for the study of vowel production.
Conclusions
After the analysis of vocal tract cross-sections of 2 male subjects, one via a cast of the vocal tract in a neutral position Note. C = Coefficients from Table 4 and Table 5 .
and one via CT scans of constriction zones of [i, a, u] , we modeled the transition from the midsagittal view to the area functions with a classical ap type model: A = (x dP. We use two sets of coefficients C, according to whether the sagittal distance is small (< 1 cm) or large (> 2 cm), which allows us to globally integrate the phonetic nature of the vowel pronounced by the model. We also modify the coefficient set used according to the proximity of vocalic constriction zones. Our model allows a good prediction of area functions for the 2 subjects under investigation. For these data it is the most efficient model, compared with others in the literature. The acoustic representation in the F1-F2 plane, generated from midsagittal sections generated by an articulatory model, shows that the use of a double set of coefficients leads to a better distinction between vowels. These results confirm the validity of our approach.
Certainly, the application of this model to other data in the literature is relatively disappointing. However, this seems simply to be evidence of interindividual morphological differences. This problem calls for a modification of coefficients but not of our procedure. While our procedure does not account for all possible variations in morphological characteristics, it clearly permits a coherent prediction of area functions and renders a good acoustic representation of vowels when these area functions are used as input to an electric analog of the vocal tract.
